Introduction
In organometallic and bioinorganic chemistry many reactions involve several electronic states, and reactivity often crucially 15 depends on the preferred spin state of reactants, products, intermediates and transition states. [1] [2] [3] Orbital occupation patterns play an important role in enzymatic reactions (e.g. cytochrome P450cam), 4 in metal-oxo complexes, in spin-crossover compounds, [5] [6] [7] and there exists even spin-state catalysis where 20 different reactions take place for different spin states. 8 Molecular switching due to thermally induced spin-crossover in transition metal (TM) compounds has raised much interest, in part because of the potential applications in technology and biomedicine. 9 The switch from low to high spin is usually accompanied by a change 25 in metal-ligand bond lengths, changes of spectroscopic observables, reactivity, magnetic and other properties. One of the interesting aspects in this respect is the investigation of complexes containing a metal center with an electronic configuration that in a different ligand field exhibits the Jahn- 30 Teller (JT) distortions, 10, 11 depending on the spin state. Therefore, it is necessary to have an accurate theoretical model to explain and predict spin state preferences, and computational studies have become invaluable in this area of research.
From a broad palette of electronic structure methods, Density 35 Functional Theory (DFT) [12] [13] [14] emerged into the mainstream of quantum chemical methods, mainly because it gives a good compromise between accuracy of the results and computational efficiency. Even though DFT methods are in general very accurate for structures and energies, the reliable prediction of the 40 correct ground state from a number of close lying states of different spin is a challenging problem. This is in particular so when transition metal systems are considered, and the predicted ground state will strongly depend on the choice of the exchange−correlation (XC) functional and the basis set used. 3 , 15- 45 17 Different XC approximations have often a bias towards either high-spin or low-spin states. 18 Our validation studies of DFT functionals 15, 19 have shown the excellent performance of the OPBE functional, [20] [21] [22] for capturing spin state diversity in iron complexes 19, 23 which is corroborated by good results in other 50 studies. 18, [24] [25] [26] [27] [28] [29] [30] [31] [32] [33] [34] Therefore, one of the aims of the present work was to validate the performance of the (pure DFT) OPBE functional, but also the recently developed SSB-D functional. 35, 36 Here, we have performed a systematic investigation of the spin-state splittings and UV-VIS spectra for complexes of the bis (1, 4, triazacyclononane) (TACN) with several first-row transition metal ions (see Figure 1 ). application of the methods to even more demanding situations. One of these situations is for instance spin flips that occur frequently in catalytic cycles of transition-metal enzymes and/or biomimetic analogues of these. Since its original preparation in 1972, 38 and the subsequent 10 synthesis of a series of transition-metal complexes, 39 it has been recognized that the cyclic amine TACN is a strong tridentate chelating ligand. 40 It is able to form very stable, distorted, octahedral bis complexes with many divalent and trivalent metal cations of the first transition metal series. 37 To date, first row 15 transition metal octahedral complexes containing two such ligands of chromium(III), 41 manganese(II), 41, 42 iron(II), 41, 43 iron(III), 41, 43 cobalt(II), 41, 44 cobalt(III), 38 nickel(II), 39, 45 nickel(III), 41, 46 copper(II), 39 and zinc(II), 47 have been isolated and characterized. Their redox potentials were readily measured 20 by cyclic voltammetry, 41 and the electron-transfer self-exchange rate constants of the M(TACN) 2 +3/+2 couples were determined and successfully interpreted. 37, 48, 49 Furthermore, it has been recognized that TACN and its N-alkylated derivatives are excellent ligands in supporting both mono-and bi-metallic 25 complexes containing labile coordination sites. Hence, many of TACN complexes are found to be both structural and functional models of various metallo-enzymes, such as hemerythrin, phosphate esterases and copper-monooxygenases. Two tridentately coordinated TACN ligands form a trigonally 30 distorted octahedron, belonging to the D 3 point group, Figure 1 . 52, 53 and Intrinsic Distortion Path (IDP) [53] [54] [55] methods. To the best of our knowledge, there were no attempts so far in the literature to describe spin state splitting taking into account the vibronic couplings in these systems in detail, with the aid of theoretical/computational methods. 45 
Computational Details
The calculations using the unrestricted formalism have been performed with the Amsterdam Density Functional (ADF) program package, version 2012.01. [56] [57] [58] MOs were expanded in an uncontracted set of Slate type orbitals (STOs) of triple-zeta 50 quality containing diffuse functions and two sets of polarization functions (TZ2P) with small frozen core. 59 Energies and gradients were calculated using the local density approximation (LDA), with Slater exchange and VWN correlation. 60 In addition, gradient-corrections (GGA) for exchange (OPTX) 21 and 55 correlation (PBE) 22 has been included self-consistently, i.e. the OPBE functional, 20 as well as the dispersion corrected functional by Swart-Solà-Bickelhaupt (SSB-D). 35, 36 Geometries were optimized constraining the symmetry to either the D 3 or C 2 point groups with the QUILD program, 61 provided in the ADF program 60 package, using adapted delocalized coordinates, 62 until the maximum gradient component was less than 1.0·10 -4 atomic units. For the geometry optimization with the SSB-D functional, the developer version of ADF was used. In order to check the possible influence of an environment, mainly of water as a typical 65 solvent used in experimental studies of these types of compounds, single point OPBE calculations with a dielectric continuum model (COSMO) [63] [64] [65] as implemented in ADF, 66, 67 were performed on the OPBE geometries. In order to tackle the degenerate states, Multi-Determinantal 70 DFT (MD-DFT), 52, 53 proven to be accurate for determination of the JT parameters, 52, 55, 68-70 have been performed. This procedure consists of the following steps: (i) an average-of-configuration (AOC) calculation in the D 3 point group, yielding the geometry of the high symmetry species; (ii) a single-point calculation 75 imposing high symmetry on the nuclear geometry and low symmetry on the electron density, which is achieved by introducing an adequate occupation scheme of the MOs, and using a symrot sub-block in the QUILD program 61 ; (iii) geometry optimization constraining the structure to the C 2 point group, with 80 a specific orbital occupancy. The JT stabilization energy, E JT , is the difference between the energies obtained in steps (ii) and (iii) with the same electron distribution; the warping barrier (2B) is the difference in energy between the two distorted structures with different electron distributions, step (iii). 85 The multimode JT problem was analyzed using the Intrinsic Distortion Path (IDP) model, [53] [54] [55] in which the JT distortion is expressed as a linear combination of all totally symmetric normal modes in the distorted, lower symmetry structure. The model allows quantification of the importance of all the involved normal 90 modes along a steepest descent path from the symmetric (D 3 ) to the lower-symmetry minimum energy structure (C 2 ). Details about this approach can be found elsewhere. 55 Excitation energies were calculated with the Time-Dependent DFT (TD-DFT) formalism, 71 as implemented in ADF, 72 with the 95 OPBE functional and COSMO solvation model on the geometries optimized with LDA and OPBE.
The multiplet structure of the investigated complexes has also been calculated using LF-DFT, a DFT-based Ligand Field Theory, 73, 74 exhaustively described elsewhere, 73-79 on the LDA 100 and OPBE optimized geometries using the OPBE functional and the COSMO solvation model. Briefly, this procedure consists of the following steps: i) an AOC spin-restricted calculation with n electrons distributed evenly over the five Kohn-Sham (KS) molecular orbitals dominated by metal d orbitals; ii) starting from 105 the KS AOC orbitals, the energies of all Slater Determinants (SD) originated from the d n shell are calculated in a spin-unrestricted way (120 for d 3 and d 7 , 210 for d 6 and 252 for d 5 systems); iii) the SD energies and components of the corresponding AOC KS eigenvectors are used to determine the parameters of inter-110 electronic repulsion (Racah parameters B and C), and oneelectron 5x5 LF matrix in a least-square sense; iv) these parameters are subsequently used as input for a conventional LF program allowing calculating all the multiplets using a configuration interaction (CI) of the full LF-manifold.
Results and Discussion
As already mentioned in the Introduction, herein we report the spin state splittings for a series of [M(TACN) 2 ] 2+/3+ complexes, where M 2+/3+ is: Cr 3+ , Mn 2+ , Fe 3+ , Fe 2+ , Co 3+ , Co 2+ and Ni 3+ , respectively. Differently to the work of Lord et al., 48 we 5 examined the highest possible symmetry for the bis-TACN coordination, D 3 , in pseudo-octahedral environment. In the D 3 point group, the degeneracy of the t 2g orbital set as present in the O h point group is partially removed. Hence the frontier orbitals, dominated by d-orbitals of the metal cation, are of type: e, a, and 10 e. In the case of electronic states that arise from the splitting of the triple degenerate states in O h point group, e.g. 2 T 1g in Cr 3+ , 5 T 2g in Co 3+ and Fe 2+ or 4 T 1g in Co 2+ and Ni 3+ , the relative order of A and E states in D 3 symmetry was surveyed, in order to be sure that the lowest energy one for each spin state is ascertained. 15 Particular attention is paid to the deviation from D 3 to C 2 symmetry due to the JT effect in the case of degenerate electronic states. The results obtained with different XC functionals are summarized in Table 1 , relative to the ground electronic state for that particular level of theory. They are overall consistent and 20 in agreement with experimental findings.
Density functional theory with the OPBE functional has been used, due to the proven accuracy for this type of problems. 23 In addition, one of the aims of this work is to test the performance of the SSB-D functional, designed specifically to treat the issue of 25 the spin-state splitting in addition to a proper treatment of S N 2 barriers. 35, 36 Although it is well known that LDA has a very poor performance considering relative spin-state energies of TM complexes (see e.g. ref. 80 ), it is found to be accurate for geometries and vibrations of the coordination compounds, 70, 81 for 30 the description of the adiabatic potential energy surfaces of a particular spin state, and for the determination of the vibronic coupling parameters, e.g. E JT , in a variety of chemical species. 68 Importantly, due to its simplicity, LDA is fast, and can open a door for the everyday study of much larger systems than for 35 example of those studied here. While in general there is an 41 ; Fe 2+ ref. 41, 84 ; Co 3+ ref. 38 ; Co 2+ ref. 41, 44 ; Ni 3+ ref. 41, 46 complexes, as well as too large energy differences between the high-spin and low-spin states of Fe 2+ /Fe 3+ (see Table 1 ). However, if single point (fully self-consistent) OPBE DFT calculations were performed on LDA geometries, the results concur with OPBE or SSB-D optimizations (Table 1) . Therefore, 10 although LDA cannot be trusted for the spin-state energies, the geometries it provides are good.
A. Spin-state energies of TM complexes
For the [Cr(TACN) 2 ] 3+ cation, as expected, a quartet state is found to be the ground state (see Table 1 ). The high lying doublet 15 state was found to show non-negligible spin contamination, i.e. an expectation value of S 2 of 1.76 (a pure spin doublet has an S 2 value of 0.75). The spin projection technique was used, 82 25 subject to JT distortion, where the reduction in symmetry leads to a complex with C 2 symmetry. The results, shown in Table 1 , reveal that the additional JT stabilization is only minor compared to the initial destabilization with respect to the ground-state, i.e. after JT distortion, the symmetric high-spin ground-state remains 30 ca. 30 kcal·mol -1 lower in energy. This is not surprising, because the unpaired electron in the low-spin configuration is located in the non-bonding degenerate e orbitals, originating from the t 2g orbitals in O h point group, hence this system is similar to the T⊗(t+e) JT distortion, which is well known to be small. 11 On the 35 other hand, the symmetry lowering of the strongly anti-bonding 4 E state, corresponding to the intermediate-spin, is a typical example of the E⊗e JT problem. Even though it is larger than in the previous case, the stabilization energy is still insufficient to surpass the large original spin-splitting. 40 In spite of the fact that both Mn 2+ and Fe 3+ have a d 5 electron configuration, different ground-states for [Mn(TACN) 2 ] 2+ and [Fe(TACN) 2 ] 3+ are predicted in the D 3 environment, i.e. a 6 A 1 for the former and 2 E for the latter, which is in agreement with the experimental findings. 41 between the high-spin and low-spin states is of the order of 1-2 kcal·mol -1 , which reproduces nicely the well-established spinflexibility of Fe(II) compounds and the related spin-crossover behavior of [Fe(TACN) 2 ] 2+ . 84 Both OPBE and SSB-D gas-phase optimizations revealed a 5 B state within C 2 symmetry, derived 60 from the high-spin 5 E state as the most stable one, although the JT stabilization is almost negligible. Intermediate-spin in the high symmetry point group is the subject of the E⊗e JT problem, where the descent in symmetry gives energy stabilization of about 4 kcal·mol -1 , not enough to overcome the initial spin-state 65 splitting. The experimentally found low-spin ground state 84 is obtained when solvation effects are included, suggesting that small perturbation of the environment can cause different preferential for spin-states. In the D 3 nuclear arrangement of [Co(TACN) 2 ] 2+ the ground 70 state can be either 2 E (low-spin configuration) or 4 E (high-spin configuration). The high-spin state is found to be more stable (see Table 1 ), corroborating with the experimental observations. 41 Very small trigonal distortion of the high-spin configuration and larger tetragonal distortion in the low-spin state are observed, 75 with a descent in symmetry to the C 2 . The SSB-D functional captures the experimentally observed high-spin state, while with other functionals the 2 A state is predicted to be the ground state; the 2 A state is an electronic state arising from the low-spin 2 E state in D 3 point group. 80 The Ni 3+ ion is isoelectronic with and has the same order of orbitals as the Co 2+ ion. We observed the 2 A state in C 2 symmetry as the ground state, corresponding to the distortion from the lowspin 2 E state, irrespective of the level of theory. While [Co(TACN) 2 ] 2+ can be considered as spin-crossover compound, 85 in [Ni(TACN) 2 ] 3+ the difference in energy between the low-spin and high-spin states is much higher.
B. Jahn-Teller distortions
All the complexes under investigation here which are prone to JT distortion have an E electronic ground state in the high symmetry 90 nuclear configuration, i.e. the D 3 point group. This nuclear configuration is not a stationary point on the potential energy surface, at which there exists coupling between the E electronic state with the non-totally-symmetric, e, vibrations, leading to distorted C 2 structures. The theory behind this vibronic coupling 95 is well documented in the book by Bersuker. 11 Generally speaking, there are two types of distortions of the MN 6 octahedral core, depending on the electronic configuration and occupation of the d levels. In D 3 symmetry there are two sets of e orbitals: non-bonding (originating from t 2g in O h ), and 100 higher-lying anti-bonding type (originating from e g in O h ). If the non-bonding e orbitals are partially filled, the distortion is very small and can be nominally treated as coupling between the T 2g state with t 1g vibrations in the O h point group. When anti-bonding e orbitals are unequally occupied, a distortion will result in an 105 elongated/compressed octahedron. Both types of deformation remove the degeneracy leading to two distorted structures, corresponding to the minimum and transition state, respectively, on the Adiabatic Potential Energy Surface. Results of MD-DFT calculations performed to analyze the JT effect in complexes 110 prone to the JT distortion are depicted in Table 2 and Table 3 . In order to make a comparison with systems that exhibit a strong JT coupling, but no spin-state preferences, the results for [Cu(TACN) 2 ] 2+ are also presented ( 
distortion.
The IDP analysis for the [Cu(TACN) 2 ] 2+ cation, which gives direct insight what is happening during the distortion is shown in Figure 2 . In the C 2 energy minimum conformation [Cu(TACN) 2 ] 2+ has 71 totally symmetric normal modes, and all 10 of them are considered in our analysis. A stabilization energy of 5.7 kcal·mol -1 in the harmonic approximation used within the IDP model agrees with the MD-DFT calculated one. The skeletal vibrations are coupled with the vibrations of the chelate rings and the normal coordinate analysis is complicated, presenting typical 15 multimode JT problem. Still, we are able to distinguish five skeletal type modes which are the most important for the distortion (they contribute 82% to the total E JT ). In Figure 2b , changes of the forces along those five normal modes along the IDP are presented. Analysis of the IDP shows that the distortion 20 starts with the metal-ligand stretching and breathing modes. The contribution of the first one decreases fast along the path, while contribution of metal-ligand stretching however dominates until 60% of the IDP. The importance of skeletal bending increases with increasing deviation from the high symmetry point. All other 25 analyzed systems prone to the JT distortion show the same features, i.e. distortion always start with the hardest modes, while in the second region of the path the softer modes become important and the molecule is simply relaxing towards the global minimum. 55, 69 30 
C. UV-Vis spectra of TM complexes
To properly describe UV-VIS spectra, by means of TD-DFT and LF-DFT, we chose the spin state found to be the ground state, in agreement with experimental findings, as shown in Table 1 . The energies of the spin-allowed d-d excitations, obtained by 35 TD-DFT and LF-DFT, and comparison with experimental transitions for observed ground states are given in Table 4 45 observed transitions, while for TD-DFT results the comparison with experiment is worse. Cr(III) complexes are known to be problematic for TDDFT, and a total failure to describe the spectrum of CrF 6 3− and, to a lesser extent, for CrCl 6 3− has already been reported. 85 This is due to the fact that there is a strong 50 Coulomb-repulsion mixing between two excited states. For the low-spin d 5 [Fe(TACN) 2 ] 3+ complex two bands are expected, and both TD-DFT and LF-DFT calculations are consistent and corroborate with experimental spectra, using either the LDA or OPBE geometries. 55 The UV/VIS spectra for low-spin [Fe(TACN) 2 ] 2+ and [Co(TACN) 2 ] 3+ show both experimentally and computationally two allowed transitions. TD-DFT results for [Fe(TACN) 2 ] 2+ are in good agreement for a second band, but the energy of the first transition is shifted by c.a. 2500-4000 cm -1 , depending on the 60 geometry used. LF-DFT results on OPBE geometry reproduce nicely both transitions. The importance of the employed geometries in computations of the excitations can be established from TD-DFT and LF-DFT results for [Co(TACN) 2 ] 3+ . While the first transition calculated with TD-DFT on LDA geometry is ca. 65 4000 cm -1 higher in energy than experimentally observed, the position of the second transition agrees well. The opposite trend is observed if the OPBE geometry is used. However, LF-DFT results on LDA geometry gives satisfactory agreement with experimentally observed transitions, while the same calculations 70 on OPBE geometry underestimate the position of both bands. It should be pointed out that splitting of the multiplets is better reproduced with LF-DFT method.
The Ni 3+ complex exhibits the JT distortion of strongly antibonding 2 E state, observed in the ligand field reflection 75 spectra. LF-DFT perfectly matches this band at 6500 cm -1 . In addition to the agreement with X-ray structure, this is convincing evidence for the JT distortion. Further bands at 18000 and 24000 cm -1 are also reproduced very well with LF-DFT manifold if the OPBE geometry is used. TD-DFT on the same geometry slightly 80 underestimates those transitions.
High-spin [Co(TACN) 2 ] 2+ is theoretically predicted to have negligible JT distortion, and it has been found impossible to quantify it experimentally. Thus, the first band in both TD-DFT and LF-DFT is due to the splitting of the degenerate 4 E state. TD- 85 DFT considerably overestimates this splitting, which is in disagreement with the E JT obtained by MD-DFT. The first two transitions (on OPBE geometry) are much better reproduced by LF-DFT than with TD-DFT. Furthermore, the band at 11700 cm -1 , typical for the high-spin Co 2+ compounds is completely 90 missed by TD-DFT, but also shifted by about 4000 cm -1 with LF-DFT on LDA geometry. Shoulders at 18348 and 31446 cm -1 that appeared in the experimental spectra according to LF-DFT can be tentatively assigned as spin-forbidden transitions. 
Concluding Remarks
We have studied the spin-state preferences of some first-row transition metal ions with TACN ligands, by means of DFT, and determined that both the OPBE and SSB-D functional performed remarkably well for the spin state diversity. Our calculations 5 suggest that the high-spin configuration is favored for [Cr (TACN) 2 ] 2+ , where the difference between low and high spin states is rather small, and only SSB-D functional was able to capture high-spin as the ground state. Depending on the electronic configuration and occupation of the d levels of metal ion, some of the investigated complexes are 15 prone to distortions from D 3 to C 2 due to the vibronic coupling. Even though the JT distortion is sometimes negligible, it must be taken into consideration, because it will lead to itinerant behavior of the unpaired electron/hole which can contribute to all the properties of the system. 20 TD-DFT with OPBE functional overall reproduces rather well the experimental spectra, but in case of Cr 3+ and Co 2+ complexes it clearly failed. This is due to the multideterminantal nature of the transitions, where LF-DFT showed remarkable good results. In LF-DFT both non-dynamical and dynamical correlation are 25 included. The preponderance of evidence suggests that the LF-DFT is particularly good for UV/VIS spectra of transition metal species. All the quantities involved in the calculations are obtained in a non-empirical way, so with this model it is possible not only to interpret the results, but it can also be considered as a 30 reliable tool for the prediction of properties of unknown As final remark one has to notice that treatment of spin states and degenerate states, as well as excited states by means of DFT requires special caution, and their correct description is still challenging for theory. However, the good ability of both OPBE 5 and SSB-D functionals to predict spin states, as well as good perfomance of MD-DFT for treatment of degenerate and excited states, as demonstrated in this work, are encouraging.
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